An iron-dependent cyanobacterial bioreporter (Synechococcus strain KAS101) was used in unison with sizefractionated iron content (.0.45, ,0.45, ,0.02 mm), and chemical characterization of iron complexation (C 18 resin column) to elucidate the bioavailable forms of iron present in Lake Superior during periods of inverse thermal stratification (May) and strong thermal stratification (September) of the water column. The results provide evidence of organic complexation of iron in Lake Superior waters. Iron in most sampled water was complexed by organic compounds that behaved like fulvic acids, whereas some samples showed evidence for the presence of siderophore-like compounds. The presence of dissolved organic matter suppressed the cellular luminescence of the bioreporter, indicating an increased iron bioavailability. This effect could result either from the presence of siderophores forming iron complexes that are bioavailable to the bioreporter, or from more indirect effects because of the presence of other organic compounds, such as fulvic acids or polysaccharides. Model ligand additions, iron bioaccumulation, and photo-oxidation of dissolved organic matter were used to assess the bioavailability of organically complexed iron to the bioreporter. A significant fraction of the iron (40-100%) was bioavailable to the bioreporter. Iron bioavailability was high enough for the bioreporter not to be iron limited in the water collected from Lake Superior. This measure of bioavailability to picocyanobacteria is relevant because picoplankton accounted for the majority of chlorophyll a in Lake Superior during this study.
Introduction
Lake Superior has the largest surface area (82,100 km 2 ) of any freshwater lake worldwide, and is the deepest (maximum depth, 406 m) and coldest (average temperature, 4uC) of the Laurentian Great Lakes. Investigations in oligotrophic Lake Superior reveal that total dissolved iron is present at low concentrations (0.6-27 nmol L 21 ; Nriagu et al. 1996; Field and Sherrell 2003; McKay et al. 2005) . Bottle assays showed that iron-limited phytoplankton grew after phosphorus supplementation in water sampled from the western region of the lake (Sterner et al. 2004) . Despite these recent advances in knowledge of iron dynamics in Lake Superior, relatively little is known with regard to the availability of iron to phytoplankton in this large lake. In oceanic surface waters, organic complexation of most iron by organic ligands increases its solubility (Rue and Bruland 1995) and constitutes chemical forms of iron with variable bioavailability to microorganisms (Hutchins et al. 1999; Mioni et al. 2005) . Iron-dependent bioreporters provide a quantifiable measure of iron deficiency and thus represent a promising new technique for evaluating iron bioavailability in natural waters.
Because the iron assimilation strategies of green algae and diatoms differ from cyanobacteria Hutchins et al. 1999; Volker and Wolf-Gladrow 1999) , we cannot speculate whether a cyanobacterial bioreporter serves as a proxy for the algal community at large. However, the use of a cyanobacterial bioreporter is relevant here given that the phototrophic picoplankton of Lake Superior can compose .50% of the pelagic chlorophyll a (Chl a; Fahnenstiel et al. 1986; McKay et al. 2005; Ivanikova et al. 2007b ). In addition, assays of photosynthesis as a function of irradiance performed on Lake Superior surface-water samples indicated that the autotrophic plankton fraction ,5 mm in size is an important contributor to lake biogeochemistry because it contributes from 30% to 100% of primary productivity, depending on the season (Ivanikova et al. 2007b) .
The bioreporter strain used in this study, Synechococcus sp. PCC 7942 (KAS101; Durham et al. 2002; Porta et al. 2003) , has undergone extensive physiological characterization and optimization to determine its dynamic response range and its laboratory reliability (Hassler et al. 2006) . This bioreporter shows a dose-dependent response (measured as increasing cellular bioluminescence with decreasing iron availability) in the form of a sigmoid curve with a linear range over two orders of magnitude (0.45-45 nmol L 21 ) of bioavailable iron (Hassler and Twiss 2006) . Ligands with varying stability constants for Fe(III), including synthetic ligands, well-defined natural ironbinding ligands, and an aquatic fulvic acid, were used to clarify the chemical forms of iron sensed by the bioreporter (Hassler and Twiss 2006 21 contribute to the pool of iron available to the bioreporter, and fully, partially, and non-bioavailable iron complexes can be differentiated according to their conditional stability constants (Hassler and Twiss 2006) .
The objective of this study was to examine iron bioavailability across spatial and temporal scales in the western region of Lake Superior ( Fig. 1) with the use of the Synechococcus sp. KAS101 bioreporter. We hypothesize that this bioreporter can be used as an analytical tool capable of quantifying the bioavailable fraction of iron in natural samples. Here we successfully use the irondependent bioreporter to examine iron bioavailability using different biological approaches: iron bioaccumulation, measurement of cellular bioluminescence in lake water, and use of ligand exchange theory to assess iron bioavailability by measuring the bioreporter response to water containing defined amounts of three model ligands of varying strength. In addition, physical (size fractionation) and chemical (organic complexation) iron speciation was measured and related to in situ Chl a concentrations. Most complexed iron in Lake Superior behaved like iron bound to an aquatic fulvic acid and was readily bioavailable to the iron-dependent bioreporter. One exception was from a midlake pelagic station that displayed water chemistry consistent with that of iron complexation by siderophorelike compounds. Our results showed a high degree of iron bioavailability in Lake Superior during both cold and warm surface water phases, but they also reflect a highly variable response in concert with the known complexity of iron chemistry in natural waters. Given the known abundance and importance of picoplankton in the Laurentian Great Lakes (Fahnenstiel and Carrick 1992) and the documentation of low concentrations of dissolved trace metals present in Lakes Superior, Ontario, Erie, and Huron (Nriagu et al. 1996) , the approaches presented here can be expanded to provide analyses of Fe bioavailability in other large oligotrophic lakes.
Methods
Sampling-Waters from the western basin of Lake Superior (Fig. 1) were sampled with trace metal clean techniques from the R/V Blue Heron during periods of both inverse thermal stratification (18-22 May 2004) and strong thermal stratification (14-16 September 2004) (Fig. 2) . Stations were selected to reflect a range of nearshore and pelagic characteristics. Guided by depth profiles of in vivo Chl a fluorescence and temperature at two pelagic stations (Castle Danger [CD1] and Western Mid-lake [WM] ) during the September cruise, water was sampled from the surface 5 m (epilimnion of both Stas. WM and CD1), 15 m (epilimnion and deep chlorophyll maximum [DCM] of Stas. WM and CD1, respectively), 30 m (within the DCM of the metalimnion at Sta. WM), and 50 m (within a second DCM in the hypolimnion of Sta. CD1, Fig. 2 ). During the May cruise, during which the water column was mainly isothermal, water was sampled only from 5 m.
At pelagic and offshore stations, water was pumped from depth through Teflon TM -lined polyethylene tubing with a pneumatic Teflon TM double-diaphragm pump (Husky model 307). Water was delivered directly to a HEPA laminar flow hood from which polypropylene taps provided whole (unfiltered) or filtered lake water. Filtration was done through a molded capsule filter (0.45-mm pore size; Calyx polypropylene capsule filter, GE Osmonics, GE Water Technologies) that was rinsed with 20 liters of lake water before first use and with 1 liter of lake water before sampling at each station. Before the first use, tubing and taps were acid-washed (dilute trace metal-grade HCl) and then rinsed 25 min at the station before sampling. Previous studies demonstrated that this pumping system allows sampling under trace metal-clean conditions (Field and Sherrell 2003) .
Nearshore station Ontonagon 1 (ON1) and Hancock North 010 (HN010) were sampled with a Teflon-coated Go-Flo bottle deployed along a Kevlar TM line connected to a plastic-coated anchor. All material used were composed of polycarbonate, polyethylene, or Teflon soaked in 0.1-0.5% HCl overnight and rinsed sevenfold in de-ionized water (Milli-Q Gradient TM , purity .18 Mohms cm 21 ; Millipore).
Chlorophyll a and DOC analyses-Whole lake water was analyzed onboard for Chl a. A known amount of lake water was filtered in duplicate onto 0.2-, 2-, and 20-mmpore size filters in parallel. Filters containing seston were extracted for 24 h in 90% acetone at 4uC in the dark before fluorimetric determination of Chl a (TD 700, Turner Designs) according to the nonacidification technique of Welschmeyer (1994) . Castle Danger (CD1) and Western Mid-lake (WM) are the two pelagic stations. Nearshore-offshore transects are close to Ontonagon River (ON1, ON2), Hancock North (HN010, HN210), and Eagle Harbor (EH001, EH090). The number after the abbreviation for each station stands for the distance from shore (km). In addition, a transect through the Apostle Islands (Stas. AP1-5) was performed. Fig. 2 . Temperature and relative chlorophyll fluorescence from the CTD profiles at Stas. CD1 and WM in May and September. In May, the lake was inversely stratified with surface temperatures between 2.4uC and 2.7uC, whereas it was thermally stratified in September with surface water temperatures between 12uC and 13uC. Discrete measurement of Chl a and dissolved iron (Fe diss ) are also shown. Error bars represents data range (n 5 2).
Amber glass bottles were completely filled with filtered (,0.4 mm) water and kept at 4uC in the dark before measurement of dissolved organic carbon (DOC) with a Rosemount Dohrmann DC-190 high-temperature total organic carbon analyzer (Hinton et al. 1997) . In September, colored dissolved organic matter (CDOM) was measured fluorimetrically (TD 700) in quartz tubes on freshly collected whole lake water. The fluorometer was calibrated according to known concentrations of Suwannee River Fulvic Acid (SRFA, International Humic Substances Society).
Dissolved and particulate iron analyses-Manipulations of lake water were done in a HEPA laminar flow hood. For particulate iron determination, whole lake water (100-500 mL) was filtered onboard onto 0.4-mm-pore size polycarbonate membrane filters (Millipore) with the use of an acid-washed Teflon filtration system (Savillex TM ). Duplicate membranes were rinsed with low-iron artificial freshwater (modified Fraquil medium; Andersen et al. 2005) and stored frozen at 220uC. Total particulate iron (Fe part ) was determined from room temperature digestion of the 0.4-mm-pore size membrane filter in 1 mL of concentrated trace metal clean HNO 3 (Baseline, Seastar) for 2-3 d. This digestion would not dissolve iron within aluminosilicate matrices but would effectively liberate any iron associated with organic particles. Filtered lake water was acidified to pH 2 with HNO 3 before determination of dissolved iron (Fe diss ). In September, filtered (,0.45 mm) water was ultrafiltered (0.02 mm pore size) on board with an acid-washed and lake water-rinsed polypropylene syringe (HSW) and AnoporeH syringe filter (Anotop 25, Whatman). Samples (60-80 mL) were manually ultrafiltered under laminar flow.
Iron concentrations were determined with a graphite furnace atomic absorption spectrophotometer (GFAAS, Perkin Elmer AAnalyst 600) with pyrolyzed tubes with L'Vov platforms and the addition of 15 mg of Mg(NO 3 ) 2 matrix modifier. The detection limit was 0.66 nmol L 21 . Each measurement was performed in duplicate, and accuracy (101.6% 6 3.4%, n 5 10) was assured with SLRS-4-certified standard freshwater reference solution (National Research Council Canada).
Organically complexed iron assessment-Iron bound to organic compounds possessing hydrophobic functional groups in the lake water fraction ,0.45 mm was assessed by C 18 Sep-Pak Plus (Waters) cartridges as described in Abbasse et al. (2002) . The C 18 resin was activated by passing 10 mL of 100% methanol (ACS Reagent, JT Baker) and conditioned by sequentially passing various solvents through at a flow rate of 6-7 mL min 21 : 10 mL of de-ionized water (high-performance liquid chromatography-grade), 10 mL of 2 mol L 21 HNO 3 (ACS Regent, Fisher Scientific), 20 mL of de-ionized water, and finally, 15 mL of a mild ion-pairing agent (ammonium acetate 0.01 mol L 21 ). A sample (10 mL) was passed through the activated C 18 cartridge at a flow rate of 3-4 mL min 21 . The resin was then rinsed with 10 mL of ammonium acetate to remove nonspecifically retained iron, and retained iron was extracted with 10 mL of HNO 3 (2 mol L 21 ) at a flow rate of 1 mL min 21 . Remaining organic ligands were eluted with 5 mL of 100% methanol. No appreciable amounts (,4%) of iron were extracted by a second rinse with HNO 3 or a final methanol rinse. Mass balance calculations showed good (.90%) iron recovery. The percentage of iron retention, corresponding to organically complexed iron (Abbasse et al. 2002) , was calculated according to the difference of iron content before and after C 18 treatment.
To facilitate the determination of organically bound iron at low ambient concentrations in small volumes, the samples were spiked with radioactive Fe ( , and ON1) were analyzed with and without ultraviolet (UV) irradiation. Samples were placed in acidwashed quartz tubes and exposed to two cycles of 17 min (separated by a 3-h cooling period) to a 1200 W mercury vapor lamp. The UV treatment resulted in a complete disappearance of CDOM (TD 700 fluorometer), and a slight decrease in the pH (0.1-0.3 units, initial pH 7.5).
Iron bioavailability assessment-Iron bioavailability was measured with the use of the iron-dependent Synechococcus sp. bioreporter strain KAS101 (Durham et al. 2002) at early exponential growth phase in Fraquil medium. For details regarding maintenance, low-iron acclimation, and optimization of the use of the bioreporter, see Hassler et al. (2006) . Synechococcus sp. was isolated from the growth medium by gentle filtration (0.4-mm-pore size polycarbonate filter, ,30 kPa), washed for 1 min in 10 25 mol L 21 EDTA, rinsed in Fraquil with no added trace metals, and resuspended in 1.5 mL of the same medium. Cell counts were measured with an electronic particle counter (Multisizer Z3, Beckman Coulter), and aliquots of this cyanobacterial suspension were dispensed to obtain 10 5 cells mL 21 into various samples. Samples of filtered lake water (,0.45 or ,0.02 mm) that were either UV-treated or not irradiated were assayed. All manipulations were done in acid-washed polycarbonate containers in a HEPA laminar flow hood.
Bioreporter assays-Under iron deficiency, the reporter strain emits light from the expression of bacterial luciferase. To provide appropriate substrate to the luciferase, 3 mL of 60 mmol L 21 decanal was added to 1.5 mL of sample, let stand 5 min to react in the dark, then bioluminescence was measured with a luminometer (Zylux FB14). Previous characterization of the bioreporter (Hassler and Twiss 2006; Hassler et al. 2006 ) showed a minimal and maximal response at .45 and ,0.45 nmol L 21 of bioavailable iron, respectively. Between these threshold concentrations, the logarithm of the bioreporter response (i.e., the log of cellular bioluminescence; relative light units [RLU] s 21 ) is proportional (r 2 5 0.90) to the logarithm of the bioavailable iron concentration in Fraquil (log [Fe] bio , mol L 21 , Eq. 1; Hassler et al. 2006) . log cellular bioluminescence ð Þ{0:8 log Fe
For each sample, a positive control (addition of 100 nmol L 21 DFB) and a negative control (addition of 100 nmol L 21 Fe) were performed to verify that cellular bioluminescence was related to iron bioavailability in the sample. Variable initial biomasses of the bioreporter (5 3 10 4 to 5 3 10 6 cells mL 21 ) were used to measure iron bioavailability from natural samples containing variable concentrations of dissolved iron.
To determine the fraction of iron that is bioavailable in Lake Superior, the bioreporter was exposed to filtered lake water in the presence of increasing concentrations of model ligands (0, 1, 10-1000 nmol L 21 , and 2500 nmol L 21 [ON1] for samples collected in May and 0, 50-1000 nmol L 21 for samples collected in September). Solutions were allowed to equilibrate for 24 h at 20uC in the dark. Three ligands were chosen on the basis of their bioavailability to the bioreporter (Hassler and Twiss 2006) : (1) DFB, which forms iron chelates that are nonbioavailable to the bioreporter; (2) EDTA, which forms bioavailable iron chelates; and 3) diethylenetriaminepentaacetic acid (DTPA), which forms an iron complex that is slightly bioavailable to the bioreporter (Hassler and Twiss 2006) . Each model ligand was selected to probe different bioreporter responses. Addition of EDTA does not affect the bioavailability of iron as sensed by the bioreporter but decreases the free concentrations of other trace metal nutrients present in the sample (Cu, Mn, Co, Zn) that could affect bioreporter response (Hassler et al. 2006) . A previous study (Hassler and Twiss 2006) showed that bioavailability, if iron bound to EDTA, did not result from a significant photo-or thermal dissociation of the complexes under the experimental conditions used here. Thus, a change in the response of the bioreporter in the presence of EDTA takes into account matrix effects related to the addition of strong ligands. An excess of DFB titrates all the iron in solution (i.e., bioavailable and non-bioavailable iron), yielding maximal bioluminescence. The maximal response observed in the presence of DTPA identifies the iron pool that is potentially available to the bioreporter. In this case, iron bioavailability can be estimated by subtracting the response in presence of EDTA and comparing the two levels of the plateau of maximal response (Max) observed in the presence of DTPA and DFB (Eq. 2). The data points defining the maximal level of luminescence were determined by statistical comparison (paired t-test, 95% confidence interval).
The response of the bioreporter was verified for each experiment with a calibration of the cellular bioluminescence to variable bioavailable concentrations of iron (0.3-450 nmol L 21 , Eq. 1) in Fraquil media (Hassler and Twiss 2006) . Each sample was assessed in triplicate, whereas each calibration was conducted in duplicate. log Fe
55 Fe was added to filtered lake water and Fraquil solutions to a final activity of 1.0 nCi mL 21 and allowed to equilibrate for 24 h at 20uC in the dark. Intracellular and surface-bound iron were differentiated by a 20-min contact with a mixture of ligands after 12 h exposure to 55 Fe (Tovar-Sanchez et al. 2003; Hassler and Schoemann in press) . The recipe was slightly modified as follows: omission of NaCl, 10 23 mol L 21 citric acid, 10 23 mol L 21 EDTA, and 0.02 mol L 21 oxalic acid at pH 8 (Hassler et al. 2006) . These surface-washed cells were isolated by gentle filtration and rinsed with non-radiolabeled Fraquil medium. 55 Fe content was measured by liquid scintillation (RackBeta model 1219, LKB Wallac) with quench correction. Initial and final dissolved 55 Fe were determined to exclude any biological consumption of iron. The nominal concentration of dissolved iron was used to determine the initial isotopic ratio and to transform 55 Fe disintegrations per minute into molar concentration. Intracellular iron was determined in triplicate (mol cell 21 ). Iron bioavailability (%) was assessed by comparing iron bioaccumulation in Fraquil, in which 100% is bioavailable (Hassler and Twiss 2006) , and iron bioaccumulation in the sample, for an identical dissolved iron concentration (Eq. 4).
Results
Limnological parameters of Lake Superior sampling stations-Western Lake Superior sampling stations were inversely thermally stratified in May and thermally stratified in September (Fig. 2) . In May, Chl a content was higher at nearshore stations (AP1-3, ON1, HN010, EH001; Table 1 ) than at their corresponding offshore sites (AP5, ON2, HN210, EH090) or at pelagic stations (WM and CD1). The relatively high Chl a concentration at Sta. ON1 suggests that nutrients from the Ontonagon River supported greater phytoplankton biomass in this area. Size-fractionated Chl a showed that most of the primary producers present were in the picoplankton (0.2-2 mm) and nanoplankton (2-20 mm) size classes for offshore and nearshore stations, respectively, except for Sta. HN (Table 1) .
In May, both particulate and dissolved iron were higher at nearshore stations compared with offshore stations (May, Table 1 ; Fig. 1 ) with a positive correlation observed (r 2 5 0.86) between particulate iron and total Chl a ([Chl a] tot , Fig. 3a ). If we assume that Chl a is an appropriate proxy of phytoplankton biomass, then the relationship between dissolved iron and [Chl a] tot $ 1.2 mg L 21 (r 2 5 0.98, Fig. 3b ) suggests that primary productivity could be iron limited. For stations with low [Chl a] (,1.2 mg L 21 ; pelagic stations and the offshore sites of nearshore-offshore transects AP5 and EH090), the Chl a was lower than solely predicted by the concentration of dissolved iron. In this case, another nutrient or grazing pressures might limit the standing crop of phytoplankton.
The concentration of DOC was low at all stations and no increase of DOC was observed in the coastal areas during May. The state of the lake in May was quiescent, whereas a near-gale prevented nearshore sampling in September and likely caused fine sediment resuspension at stations with maximum depths of ,50 m.
Thermal stratification of the water column in September 2004 favored the development of deep chlorophyll maxima in the metalimnion at the pelagic Sta. CD1 and WM (Fig. 2) . For both stations, Chl a was most abundant in the picoplankton size class at all sampled depths, except 15 m. In September, higher [Chl a] tot (1.7-to 2.2-fold) was observed compared with May despite a lower [Fe] diss (2.5-to 3.7-fold). No significant variation of CDOM was observed with depth. (Table 2) . When lake water from Stas. ON1 and AP3 was UV-treated, the degree of iron retention through a C 18 cartridge was identical to that of inorganic iron (Table 2) . Because most of the dissolved iron is known to be associated with organic ligands in surface water, the difference between retention through the C 18 cartridge with and without UV treatment is presumably due to organic complexation in the sample ( Table 2) . The use of model ligands provided information on the type of organic speciation likely present ( Table 2) . Addition of EDTA resulted in a poor degree of iron retention; for the other model ligands used, the C 18 cartridge retained .98% of the organically bound iron. However, only 32% of iron in the presence of SRFA was retained; this low retention is attributed to the relatively high degree of hydrophilicity of SRFA, like EDTA. In this case, low retention suggested that iron is associated with ligands similar to SRFA, whereas high retention indicated a complexation of iron with more hydrophobic ligands.
For most stations sampled in May and for areas affected by the input of the Ontonagon River (Stas. ON1, HN010), retention of 39-55% was measured, suggesting that iron was organically bound with relatively hydrophilic ligands like fulvic acids. Station WM shows a higher degree (69%) of retention, consistent with iron bound by more hydrophobic organic compounds. In September, the degree of retention significantly increased at Sta. WM (80-88%), whereas it remained unchanged at Sta. CD1. Because the percentage of retention was not depth dependent (at Stas. WM and CD1), organic complexation of dissolved iron does not appear to be correlated to water stratification. Retention of organically bound iron by the C 18 cartridge is similar for 0.45-and 0.02-mm-filtered samples from Sta. WM (Table 2 ), suggesting that most of the Fe-organic complexes were truly dissolved or associated with small (,0.02 mm) colloids.
Assessment of iron bioavailability: bioreporter assay-
Because iron is present in low concentrations in Lake Superior waters, the use of a high bioreporter biomass could either deplete the dissolved iron, via surface sorption or cellular internalization, or contaminate the sample with iron initially contained in the bioreporter cells. The effect of variable biomass (Fig. 4) additions to natural water samples on the expression of cellular bioluminescence was assessed for stations with variable [Fe] diss (see Table 1 ). Whereas no effect on cellular bioluminescence was observed at high [Fe] diss (62 nmol L 21 , Sta. ON1), the use of biomass .5 3 10 5 cells mL 21 increased the cellular bioluminescence in water sampled from all other samples ([Fe] diss , 16 nmol L 21 ). In this study, the bioreporter was used at an initial biomass of 10 5 cells mL 21 , a level at which no biomass effect was observed.
Because the bioreporter bioluminesces in proportion to iron deficiency, the bioreporter assays should indicate iron limitation, expressed as high cellular bioluminescence, in addition to an evaluation of iron bioavailability (see Eq. 1). Maximum bioluminescence was not observed in these assays, indicating that the bioreporter was not limited by iron in water sampled from these stations ( Table 1 ). The response of the bioreporter did not correlate to particulate iron or total Chl a concentrations (Tables 1, 3 ). According to cellular bioluminescence, iron bioavailability was lower at the nearshore Sta. ON1 than at pelagic Stas. WM and CD1, despite the higher [Fe] diss measured at Sta. ON1. Seasonal variation in Fe bioavailability was witnessed at Sta. WM but not at Sta. CD1 (Tables 1, 3) . In September, a depth-dependent bioluminescence was measured at Sta. WM but not at Sta. CD1.
Ultrafiltration (,0.02 mm) should result in a decrease of iron concentration (compared with the fraction ,0.45 mm) because of the removal of iron associated with colloids, but not necessarily a decrease in iron bioavailability. At Sta. CD1, the ultrafiltration resulted in a decrease of iron bioavailability (i.e., an increase of bioluminescence), whereas ultrafiltration resulted in an increase of iron bioavailability at Sta. WM (Table 3) .
To understand the relationship of cellular bioluminescence to dissolved iron concentrations, the response (i.e., cellular bioluminescence) of the bioreporter for all stations was plotted according to the [Fe] diss and superimposed on the average of all the calibrations (n 5 42) performed in Fraquil (Fig. 5) . The response of the bioreporter in EDTAbuffered Fraquil medium, in which all dissolved iron is bioavailable (Hassler and Twiss 2006) , was compared with the response of the bioreporter in lake water samples, for which iron bioavailability should be ,100%. Therefore, for an identical [Fe] diss in both Fraquil and natural water, the cellular bioluminescence should be higher in the lake water Fig. 4 . Relationship between the response of the bioreporter and initial bioreporter biomass (3 3 10 3 to 5 3 10 6 cells mL 21 ) in four natural samples. The four stations have different dissolved iron concentrations, which illustrate the variability observed in Lake Superior during May 2004 (see Table 1 ). The bioreporter was incubated for 12 h at 19uC and 60 mmol photons m 22 s 21 . Error bars represents standard deviation (n 5 3-6). ), the response of the bioreporter measured in lake water is within the expected range, suggesting that enough bioavailable iron was present to satisfy bioreporter requirements (Fig. 5) . However, for low [Fe] diss , the response of the bioreporter in lake water samples was lower than that measured in Fraquil. Neither nonferrous trace metal enrichment nor macronutrient enrichment can explain such decreases in the response of the bioreporter (Hassler et al. 2006) ; thus, the effect of organic matter on cellular bioluminescence was further assessed. Samples from Stas. WM, AP3, and ON1 were UVirradiated to destroy organic ligands before assessment by the bioreporter. Assuming that most of the iron was complexed by organic ligands in the lake water, the UV treatment should result in a sample containing only fully bioavailable inorganic forms of iron. If the low observed bioluminescence was due to organic matter, then UV treatment should result in increased luminescence-to the level predicted in the Fraquil media, in which 100% of the iron is bioavailable to the bioreporter. In all cases, an increase in cellular bioluminescence was observed in all UV-treated samples ( Table 4 ), suggesting that some organic matter-mediated suppression of bioluminescence was indeed responsible for the observed low bioluminescence in non-UV-treated filtered lake water. In addition, bioluminescence in UV-treated samples was similar (Stas. AP3, ON1) or higher (Sta. WM) than expected on the basis of the parallel calibration curves in Fraquil (Eq. 1, Table 4 ).
According to the theory of ligand exchange, the use of EDTA, DTPA, and DFB should provide useful information about the relative bioavailability of the iron present in natural waters (Eq. 2; Hassler and Twiss 2006) . For water collected in May 2004, 42% 6 2%, 77% 6 9%, and 100% of iron was bioavailable at Stas. WM, ON1, and AP3, respectively. The addition of a large excess of EDTA (Fig. 6 ) resulted in only a slight increase of cellular bioluminescence (less than twofold), except for Sta. AP3 (fivefold). For Sta. ON1, in which [Fe] diss and other metals that could react with the added ligands were expected to be higher because of Ontanogan River inputs, higher concentrations of added model ligands were required to reach a maximal level of bioluminescence (Fig. 6) . In September at Sta. WM, the smallest concentration of DTPA added (50 nmol L 21 ) resulted in a maximal level of luminescence, identical to or slightly higher than that observed for DFB additions, indicating that this lowest level of DTPA effectively out-competed all the bioavailable iron complexes present in solution.
Maximal luminescence observed in the presence of DFB was significantly lower than the maximal luminescence obtained at calibration in Fraquil (Table 4 ; Fig. 6 ), as was observed in lake water samples (Fig. 4) . If this difference is related to some effect from organic matter, then the addition of DTPA in UV-treated lake water (containing only inorganic forms of iron) is expected to bind all the iron present; therefore, the maximal level of bioluminescence should be similar to that observed in Fraquil medium. The Table 4 . Effect of UV treatment of lake water on the response of an iron-dependent bioreporter to water sampled from Lake Superior surface waters (5 m) in May in the presence and absence of DTPA. Data were compared with response in Fraquil medium at identical dissolved iron concentrations ([Fe] diss ). Considering that all the iron species in Fraquil medium contribute to iron bioavailability (Hassler and Twiss 2006) , such comparison permits evaluation of the effect of UV irradiation on iron bioavailability sensed by the bioreporter. (Table 4) .
Assessment of iron bioavailability: bioaccumulation experiments-Iron bioaccumulation was performed in natural samples as well as in Fraquil solutions (Fig. 7) . For identical [Fe] diss , comparison of iron bioaccumulation measured in parallel with lake water and Fraquil medium, (Eq. 3) was used to assess the fraction of bioavailable iron in natural water (Eq. 4). The intracellular iron measured in natural samples was of the same order as that predicted in Fraquil, suggesting that no major synergistic or competitive effects on iron bioaccumulation because of the presence of organic matter or variable amounts of other metals are seen in natural waters as compared with Fraquil. In May, similar to bioreporter results, 40% 6 10%, 73% 6 14%, and 100% of the iron was bioavailable at Stas. WM, ON1, and AP3, respectively. In September, iron from a depth of 5 m at Sta. WM was fully bioavailable, whereas 70% 6 19% and 56% 6 7% of the dissolved iron was bioavailable in the water from the 15-and 30-m samples, respectively.
Discussion
Both dissolved and particulate iron were related to Chl a concentrations in most of the western Lake Superior stations observed here, which is similar to what has been observed in Lake Erie (Havens 2007) . Nevertheless, phytoplankton biomass at pelagic stations (WM and CD1) and some offshore stations (AP and EH090) seem to be limited by another factor (such as another nutrient or grazing pressure). Iron and phosphorus were shown to colimit primary production in Lake Superior sampled during the summer period of thermal stratification (Sterner et al. 2004) , which might be what is occurring at these stations. Indeed, a parallel project that used a nitrate-dependent bioreporter and shared the same water samples as in this study demonstrated interactions between P and Fe bioavailability in constraining nitrate uptake in Lake Superior (Ivanikova et al. 2007a) .
In this study, the potential ability for iron to limit phytoplankton in western Lake Superior was assessed with a cyanobacterial iron bioreporter. Because the response of the bioreporter to variable biological, physical, and chemical conditions has been studied previously (Hassler and Twiss 2006; Hassler et al. 2006) , it can also be used to assess the fraction of bioavailable iron in the water column. This bioreporter previously has been used to infer iron limitation in Lake Superior ; however, no iron limitation was detected in the euphotic zone at Stas. WM, CD1, HN010, and HN210. As was observed here, McKay et al. (2005) measured a slight increase in luminescence (although not relating an iron-limited situation) at Stas. ON1 and ON2. In that study, strong iron limitation was only observed in the pelagic central Lake Superior.
The presence of natural organic matter (NOM) suppressed the cellular luminescence of the bioreporter and resulted in enhanced iron bioavailability. Siderophore-like compounds were observed in Lake Superior (this study). Because the bioreporter is a cyanobacterium known to produce siderophores under iron-limiting conditions (Wilhelm 1995) , the presence of siderophores might promote iron bioavailability. Indeed, the slow kinetics of Fe-EDTA dissociation compared with the specialized assimilation of ferric-siderophore complexes might account for the observed low bioluminescence in natural samples (in the presence of siderophores) relative to Fraquil. Furthermore, several laboratory studies showed that organic ligands such as fulvic and humic acids, as well as polysaccharides, can promote trace metal availability above the level predicted by chemical speciation for freshwater green algae (aluminum, Parent et al. 1996; lead, Lamelas et al. 2005 ). This effect was recently attributed to the formation of ternary NOMmetal-algal surface complexes, depending on both NOM affinity for the trace metal and the algal surface (lead and cadmium, Lamelas and Slaveykova 2007) . Finally, increased iron bioavailability as a result of both enhanced iron solubility and the formation of bioavailable forms (either because of formation of bioavailable chemical complexes or because of favored iron reduction) in the presence of (poly)saccharides was observed for model and natural Antarctic plankton (Hassler and Schoemann in press ). The occasionally observed higher bioluminescence in UV-treated natural samples, relative to Fraquil, could be a result of (1) the formation and precipitation of inorganic ferric oxides, (2) the change in nutrient and trace elements (other than iron) chemical speciation and bioavailability, and (3) the formation of reactive oxygen species. Given Fe(III) solubility in freshwater, colloid formation should not be a concern for most samples in this study (except for ON1 and HN010). Iron bioavailability was assessed shortly after irradiation (,12 h), resulting in only inorganic or newly formed colloidal iron, known to be strongly bioavailable to phytoplankton (Yoshida et al. 2006) . The potential effect related to the release of high concentrations of nutrients (Hassler et al. 2006) or Cu on UV treatment (which could alter membrane permeability) was rejected. The addition of 10 nmol L 21 Cu to Fraquil media, an enrichment shown to be toxic to Lake Superior phytoplankton (Twiss et al. 2004 ), did not affect the level of cellular bioluminescence for 0.4-45 nmol L 21 bioavailable iron. Given that the promoter PisiAB, on which the iron bioreporter is based, is also activated under oxidative stress (Li et al. 2004) , organic compounds might act to repress luminescence by acting as free radical scavengers in solution.
Despite organic matter-mediated suppression of the bioreporter response observed here, the bioreporter can still be used to indirectly assess iron bioavailability in natural samples. For example, the percentages of bioavailable iron at Stas. WM, ON1, and AP3 in May on the basis of the 55 Fe bioaccumulation technique (Eqs. 3, 4) were in accordance with the percentages of bioavailable iron in these samples, evaluated with the use of the bioreporter in the presence of model ligands (Eqs. 1, 2). Although the bioreporter represents a powerful tool, allowing a relevant measurement of the natural complexity of iron bioavail- ability, an extensive and careful characterization is required before its use as an analytical tool in the field.
We consider the concentration of the partially bioavailable model ligand DTPA, used to titrate iron in natural samples in September, to have been too high and thus to have missed the bioreporter detection window. Nevertheless, this method can still be used in future assessments with either concentrations of DTPA ,50 nmol L 21 or with the use of model ligands with lower stability constants for Fe(III) than DTPA. The model ligand 8HQS is used to measure fractions of labile iron via competition and retention of the Fe(8HQS) 2 complex in a C 18 resin (Abbasse et al. 2002) Here, the picocyanobacterial bioreporter was used successfully to quantify iron bioavailability across spatial and temporal scales in the western portion of Lake Superior. Several artifacts might exist in the iron bioavailability assessed with bioassays using 55 Fe and ligand exchange: (1) iron regeneration and recycling by microbial food web activity, known to contribute to trace metal bioavailability (Twiss and Campbell 1998; Hassler et al. 2008) , is omitted because only filtered water is assessed; (2) water temperature effects are neglected because an increase in temperature (from 8uC to 19uC in this study) will likely affect iron speciation and the organic matter present; and (3) experimental solutions are assumed to be at equilibrium. Because iron is a metal slow to react, iron and 55 Fe exchanges with organic ligands, either naturally present or added, will be slow. A reasonable applicable equilibration time as performed here (12 and 168 h) might not be sufficient to reach equilibrium (Town and van Leeuwen 2005) . Because of their higher water loss rate constant, FeOHL species are the fastest to equilibrate (Hudson and Morel 1990; Morel and Hering 1993) . Incomplete equilibration might therefore result in truncated iron bioavailability, and further work addressing this question is needed to ensure proper measurement of iron uptake, bioavailability, or chemical speciation in natural systems.
In natural waters, most of the iron is associated with organic matter (Rue and Bruland 1995) . Because organically bound iron can show variable bioavailability to phytoplankton (Hutchins et al. 1999; Hassler and Schoemann in press), the major organic ligand(s) or functional group(s) involved in iron chelation is of importance. To date, few have studied the relationship between iron organic speciation and its bioavailability in freshwaters. The results from this study reveal that the majority of iron in the western portion of Lake Superior was organically complexed and highly bioavailable.
The moderate retention (39-55%) of iron in lake water samples by the C 18 resin columns suggest that the majority of the samples contained iron complexed to relatively hydrophilic ligands. Low measures of DOC and CDOM, as well as the similarity in retention of iron in the majority of the natural samples with that of iron in the presence of SRFA, suggests that a large fraction of iron was complexed by fulvic acid-like compounds. This is consistent with previous investigations in Lake Superior, wherein mercury complexation was also dominated by fulvic acids (Hurley et al. 2003) . Complexation of iron by these compounds maintains iron in the dissolved state (Koenings and Hooper 1976; Sunda 1995) and is the basis for iron buffering in phytoplankton growth media. The high measures of iron bioavailability in samples displaying characteristics consistent with iron complexed by fulvic acids suggests that picocyanobacteria can access this pool of iron. This was particularly evident at Sta. CD1 (5 m), wherein iron bioavailability remained high despite a 2.5-fold decrease in dissolved iron concentrations from May to September. This suggests that the chemical speciation of iron is a better indicator of iron bioavailability than measures of total dissolved iron. Previous characterization of the bioreporter showed that a high concentration of SRFA (15 mg L 21 ) was required to decrease iron bioavailability from 100 to 1 nmol L 21 (Hassler and Twiss 2006) , supporting the high bioavailability of iron bound to SRFA to this bioreporter.
In contrast to all other stations, the dissolved iron at Sta. WM in September seemed to be complexed by strong hydrophobic ligands and was not readily bioavailable to picocyanobacteria. The retention of iron by the C 18 cartridge at Sta. WM in September is consistent with the retention of either inorganic iron or iron complexed to hydrophobic ligands. A 4.8-fold decrease in dissolved iron and a corresponding increase in C 18 retention from May to September at Sta. WM (5 m) resulted in a 7.6-fold decrease in iron bioavailability. The relatively high bioreporter bioluminescence measured at Sta. WM in September suggests that a large portion of iron at this station was likely complexed to strong hydrophobic ligands, rather than to inorganic ligands (viz. hydroxide).
The presence of strong hydrophobic Fe-binding ligands at Sta. WM, but not at other locations, might reflect a bias in our sampling regimen to nearshore locations. Although Sta. WM is characterized as a pelagic site, owing to its midlake location, two additional stations, EH090 and CD1, could also be representative of pelagic sites despite their location relatively close to shore. Sta. EH090 is isolated to some extent from nearshore influence as a result of bathymetry, the fast-moving Keweenaw Current (sweeps northeast along the Keweenaw Peninsula), and a strong thermal bar located shoreward. However, it is unclear whether spring runoff from land might have preceded formation of the thermal bar that existed during sampling in May (Auer and Gatzke 2004 ). An argument in favor of nearshore influence comes from sediment trap data, demonstrating that cross-margin transport of particles influences offshore sites of the Keweenaw Peninsula (Urban et al. 2004) . Sta. CD1 is located within a deep trough along the north shore of the lake and has a water depth of ,250 m. A generally counter clockwise gyre in the western arm of Lake Superior tends to bring waters from the open lake along the north shore through this region (Beletsky et al. 1999) . It thus has strong open-lake characteristics, in spite of its proximity to the coast and the population and industrial centers at Duluth. However, high iron concentrations were previously reported at this station .
The majority of dissolved iron at Stas. WM and CD1 was associated with colloids in the 0.02-to 0.45-mm size fraction, as had been previously demonstrated for Sta. WM . Dissolved iron samples analyzed at these stations (with the exception of Sta. CD1 [5 m]) decreased below detection limit with ultrafiltration (Table 3). Correspondingly, these decreases in dissolved iron on ultrafiltration of Sta. CD1 samples resulted in decreases in iron bioavailability. This suggests that dissolved iron associated with small colloids in the 0.02-to 0.45-mm size fraction represented a bioavailable pool of iron dominated by fulvic acid-like compounds.
Conversely, decreases in dissolved iron concentrations to below detection with ultrafiltration at Sta. WM resulted in increased iron bioavailability, an observation consistent with our prior analysis made with water sampled from Sta. WM . During that study, a more sensitive high-resolution ICP-MS assay (Field and Sherrell 2003) demonstrated dissolved iron associated with the soluble (,0.02 mm) fraction at Sta. WM to be present at 0.34 and 0.83 nmol L 21 at 5 and 25 m, respectively, during late summer sampling . At this station, it appears that iron was bound to siderophore-like compounds that were present in the ,0.02-mm fraction. Because the bioreporter (derived from Synechococcus PCC 7942) is known to produce siderophores (Wilhelm 1995) , ultrafiltration might have promoted the iron bioavailability sensed by the bioreporter. Ultrafiltration might induce several artifacts in the colloidal fraction collected (such as contamination and aggregation; Guo and Santschi 2007) . Manual syringe ultrafiltration, as done in this study, results in variable pressure and flow rate, which might increase the variability between samples. If iron contamination was causing the increased iron bioavailability observed at Sta. WM, it occurred at a level below our analytical detection limit (0.6 nmol L 21 ). One other hypothesis that could explain this observation is that ultrafiltration lysed the phytoplankton cells, thereby introducing additional bioavailable iron (Poorvin et al. 2004) . In this case, a similar increase of iron bioavailability would have been expected at Sta. CD1, especially given its higher Chl a concentration (Table 3 ). The decrease in iron bioavailability at Sta. CD1 with ultrafiltration signifies that the increase in iron bioavailability at Sta. WM was not likely due to ultrafiltration-induced cell lysis.
The results from this study reveal that the majority of iron in the western portion of Lake Superior was organically complexed and highly bioavailable. The results of this iron bioavailability assessment provide evidence in support of the presence of siderophore-like compounds in ambient Lake Superior waters. These putative bioavailable siderophore compounds were not as prevalent as fulvic acid-like compounds that dominated iron complexation. The model ligand technique revealed measures of iron bioavailability comparable to that in the radiolabeled iron bioaccumulation technique.
An organic matter-mediated suppression of bioluminescence is likely due to either siderophores (likely to be bioavailable to the bioreporter) or to an indirect effect of NOM (such as fulvic acids and saccharides). Future experiments, including siderophore and NOM additions to the calibration curve might help to validate this hypothesis. Despite this organic matter-mediated suppression, the bioreporter can still be used to evaluate iron bioavailability to picocyanobacteria because the presence of siderophores or NOM might similarly affect iron bioavailability to other picocyanobacteria. This measure of bioavailability to picocyanobacteria is relevant because autotrophic picoplankton accounted for the majority of Chl a in Lake Superior during this study and is applicable to other oligotrophic systems with similar phytoplankton size-class composition.
Given that the iron uptake strategy can differ between various group of phytoplankton (e.g., cyanobacteria and diatom; Hutchins et al 1999; Volker and Wolf-Gladrow 1999) , it is not clear how bioavailability sensed by this cyanobacterial bioreporter will compare with iron limitation sensed by the natural assemblage. McKay et al. (2005) obtained a promising result given that no iron limitation was reported for both the bioreporter and immunological assay on diatoms during vernal holomixis in Lake Superior. However, given the heterogeneity of natural phytoplankton communities in freshwater systems, further comparative studies are required before one can extend the iron limitation sensed by the cyanobacterial bioreporter beyond the endemic picoplankton community.
